arXiv preprint 



Feedback-controlled laser fabrication of micromirror substrates 

Benjamin Petrak, 1 Kumarasiri Konthasinghe, 1 Sonia Perez, 1 and Andreas Muller 1 ^ 

1 Dept. of Physics, University of South Florida, Tampa, FL 33620 
(Dated: March 8, 2013) 

Short (40-200 |is) single focused CO2 laser pulses of energy >100 pJ were used to fabricate 
high quality concave micromirror templates on silica and fluoride glass. The ablated features have 
diameters of ^20-100 |^m and average root-mean-square (RMS) surface microroughness near their 
center of less than 0.2 nm. Temporally monitoring the fabrication process revealed that it proceeds 
on a time scale shorter than the laser pulse duration. We implement a fast feedback control loop 
(^20 kHz bandwidth) based on the light emitted by the sample that ensures an RMS size dispersion 
of less than 5 % in arrays on chips or in individually fabricated features on an optical fiber tip, a 
significant improvement over previous approaches using longer pulses and open loop operation. 

PACS numbers: 78.47.+p, 78.67.Hc, 42.50.Pq, 78.55.-m 



I. INTRODUCTION 

During the past decade focused lasers have come to 
play an increasingly important role in the fabrication 
of photonic microstructures such as microlensesp^ 
microresonatorsj^l and waveguides. 6 7 Fabrication 
methods based on infrared lasers, notably CO2 lasers, 
offer significant advantages over conventional etching- 
based methods, due to their ability to create ultralow 
loss dielectric interfaces by reflow of a glassy material. 
For example a microsphere resonator can be generated 
by melting an optical fiber with a CO2 laser P Similarily, 
a microtoroid resonator can be fabricated by short laser 
exposure of an etched silica microdiskP Microsphere 
and microtorroid resonators made this way sustain 
whispering gallery modes with record high (> 10 8 ) 
quality factor. Other breakthroughs using lasers in 
microfabrication include in-situ photoresist exposure for 
site-selective micropost resonator fabrication^ as well 
as fabrication of Bragg gratings in fibers and on chips P 
These advances in microfabrication have significantly 
contributed to the rapid progress in quantum optics, 
quantum information science, cavity optomechanics and 
metrology witnessed in recent years. 

A CO2 laser can also directly "machine" a concave 
spherical feature on glass. As first demonstrated by 
Colombe et al., such a laser- ablated feature can serve 
as a substrate for a high-quality micromirror P Due to 
its smooth surface it is compatible with ultralow loss re- 
flective dielectric coatings obtained by ion beam sputter- 
ing, and can thus be employe d for c onstructing a high- 
finesse Fabry- Perot micro cavityP^^ Such optical cavities 
are key components in quantum optics as they permit 
the generation of strong light-matter interactions within 
a small volume The benefits derive from the ability 
of the CO2 laser to both ablate and locally reflow the 
surface, giving it a microroughness typically on the or- 
der of 0.2 nm RMS or less. This figure is much lower 
than what is usually possible by dry or wet etching, al- 
though much progress is being made to improve methods 
based on etching!^ Another advantage of the CO2 laser 



ablation is the possibility of fabricating mirrors at the 
tip of optical fibers, a tedious task to accomplish with 
conventional lithography.^ However, although micromir- 
rors fabricated using a CO2 laser are now widely used in 
both atomic physics and condensed matter physics ex- 
periments, the current process suffers form a number of 
drawbacks making it impractical for large scale use or 
wherever reliability and reproducibility are crucial. The 
most severe drawback is the very large variation in size 
(>50% RMS size dispersion) and precise location of fab- 
ricated templates, particularly small ones. Another is the 
redeposition of ablated material from near-neighbors in 
an array. These issues often preclude the fabrication of 
homogeneous arrays of high surface quality. Yet, repro- 
ducible arrays are essential for potential scaling of quan- 
tum information schem es that rely on microcavities on 
either atom chips UiaUBl Qr [ n semiconductor /dielectric hy- 
brid systems.^ 

Here we employ 40-200 ills long focused CO2 laser 
pulses and resolve the ablation process temporally; mon- 
itoring the light emitted by the sample as well as the 
transmitted light from a reference laser reveals the rele- 
vant time constants. The emitted light is used as an error 
signal in a feedback loop enabling the fabrication of ar- 
rays with an RMS size dispersion of less than 5% for a 
range of parameters. We describe the fabrication method 
and report the characterization of templates made on var- 
ious substrates. Detailed account is given of surface qual- 
ity control and optical testing of fabricated templates. 

II. EXPERIMENTAL SETUP 

The experimental setup is depicted in Fig. [I] All 
measurements described here employed a radio- frequency 
(RF) excited Synrad™ laser as the source. The laser 
was linearly polarized with a wavelength near A = 10.6 
|Ltm. The laser was spatially filtered by a 60 |Ltm pin- 
hole at a focus, after going through a polarizer used to 
finely adjust its intensity. A ZnSe lens with focal length 
/ = 25.4 mm focused the laser tightly onto a sample. 
The sample was either a planar substrate or an optical 
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fiber with its tip facing the incoming beam. The sample 
was positioned at the laser focus with a motorized x-y-z 
stage with the laser beam held fixed. A small flip mirror 
was temporarily inserted into the CO2 laser beam path 
for imaging. As a precise means of inserting and remov- 
ing this imaging mirror (Fig. [I] ) we attached it to the 
head of a recycled hard disk drive. Such a voice coil ac- 
tuated head, previously used for making fast shutters 
electrically controlled the mirror position with minimal 
disturbance of the alignment and provided excellent re- 
peatability. With the CO2 laser spot size equal to w =4 
mm at the lens, we estimate the spot size at the focus to 
be about w = 20 Lim. 

We employ a field-programmable gate array (FPGA) 
to generate the correct TTL pulse sequence that controls 
the RF excitation of the laser plasma tube. "Tickle" 
pulses 1 ills long were applied at a frequency of 5 kHz 
to pre-ionize the plasma when not lasing, as specified by 
the manufacturer P2 Upon demand a single tickle pulse 
was replaced by a single square pulse of length r that 
caused the generation of a laser pulse. The laser emis- 
sion was characterized by an initial abrupt rise after a 
« 20 (as turn-on delay, a subsequent slow exponential 
rise, and finally an exponential decay once the electronic 
pulse was switched off [Fig. [l](c)]. The exponential rise 
and fall time constant of the pulse was on the order of 
50 Lis. Despite this relatively slow response of the laser, 
the overall pulse duration could still be as small as about 
40 Lis full width at half maximum (FWHM) because of 
the abrupt turn-on. For longer pulses we have observed 
that the tickle pulse immediately following a laser pulse 
actually caused unwanted laser emission; consequently 
we have removed it from the electronic triggering signal 
thereafter. When the pulse energy is at least about 100 
LiJ a concave spherical feature is being carved out by a 
single laser pulse. This process is accompanied by the 
emission of white light visible to the naked eye. 



III. MEASUREMENTS 
A. Temporally Resolving the Ablation Process 

In order to determine how the ablation process pro- 
ceeds in time, we monitored either the burst of white light 
emitted by the sample [Fig. [I] (a)], or the change in in- 
tensity that a back-propagating beam underwent during 
ablation [Fig. [l](b)]. For the former a detector was posi- 
tioned behind a transparent sample while for the latter a 
HeNe laser was launched into a fiber on the tip of which 
the CO2 laser was ablating a micromirror template; the 
intensity of the HeNe laser beam was monitored with a 
detector picking off the edge of the beam as it diverged 
after the ZnSe lens. 

The result of these measurements is summarized in Fig. 
[2] for various values of r. Within a few Lis of CO2 laser 
switch on [long-dashed red line in Fig. [2|a-c) recorded 
with a pyroelectric photodiode] , the material is beginning 
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FIG. 1: (Color online) (a) A CO2 laser pulse is focused onto a 
planar fused silica substrate while the white light burst emit- 
ted is collected in transmission, (b) A HeNe laser is coupled 
into a single mode fiber and the CO2 laser is focused on the 
fiber core. The back-propagating HeNe laser is picked off by a 
mirror and sent to a photodiode. At the instant the fiber tip 
is being ablated by the CO2 laser, the HeNe laser divergence 
angle is changing which is detected as a change in intensity 
at the photodiode. (c) Electrical signal supplied to the laser 
(upper trace) and its actual intensity (lower trace). 



to be ablated, as seen by the sudden change in detected 
HeNe laser intensity [continuous blue line in Fig. |2](a-c)]. 
Some time later (typically tens of microseconds), light 
emission from the sample begins [short-dashed green line 
in Fig. |2](a-c)]. It persists even until after the laser in- 
tensity is starting to wane. When longer pulses are used, 
as in Fig. [2] (a) and Fig. [2](b), a second phase of ablation 
occurs as the laser is switched off. As is shown in Fig. [2] 
(d), the amount of white light emitted is monotonically 
increasing with the diameter of the fabricated feature. 



B. Closed Loop Control 

A large variability in the dimensions of fabricated fea- 
tures is often observed and is most extreme when using 
low energy pulses (^200 LiJ). The variability can be so 
significant that for a given pulse energy one might ob- 
tain a 50 Lim, a 20 Lim diameter feature, or none at all. 
Although we do not know why these variations occur we 
have reasons to believe that they are exacerbated by the 
presence of dust or other contaminants on the surface. 



3 




— White light emission 

— C0 2 laser intensity 

— HeNe laser intensity 




20 40 
Feature diameter (|im) 

FIG. 2: (Color online) (a-c) Normalized CO2 laser intensity 
(long- dashed red trace), emitted white light intensity (short- 
dashed green trace), and back-propagating HeNe laser inten- 
sity (continuous blue trace) as a function of time for electronic 
pulse durations of r = 117 |is, 100 |is, and 50 \is respectively. 
The different signals have been measured separately and then 
plotted normalized. The experimental arrangement is that 
of Fig. l(a,b). (d) Emitted white light intensity [peak am- 
plitude of green short-dashed trace in Fig. 2 (a-c)] plotted 
against fabricated feature diameter. 
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FIG. 3: (Color online) (a) Schematic of feedback-controlled 
template fabrication. The CO2 laser is switched on by the 
FPGA when a trigger signal is sent. The light emitted by the 
sample is detected by a Si photodetector giving rise to a volt- 
age Vdet- A voltage comparator provides a TTL high signal 
when Vdet > Kef where Kef is an electronic reference voltage 
provided by a variable power supply. The comparator output 
is sent to the FPGA that in turn switches off the laser, (b) 
Temporal evolution of the feedback-controlled process. The 
electronic signal supplied to the laser (continuous top trace) 
and its actual output (dashed red trace) is turned high by the 
user and low when the comparator signal is high due to the 
emitted light exceeding the set threshold voltage, Kef- 



We have verified that variations of the energy supplied 
by the laser (typically on the order of ± 10% partially due 
to fluctuations of laser turn on delay) can not account for 
the dramatic template size fluctuation. For many appli- 
cations the smallest features are often the most desirable 
because they can be used to make Fabry-Perot micro- 
cavities with the smallest mirror spacing. Thus precise 
control over dimensions is important, even more so when 
making micromirrors at the tip of single mode fibers, the 
preparation of which is a time-consuming task. In order 
to address these difficulties we have devised and imple- 
mented a feedback control loop that allows us to switch 
off the laser once a desired amount of material has been 
ablated, as gauged by the amount of light emitted by the 
sample. 

Figure [3|a) illustrates this feedback control imple- 
mented on the FPGA. After initial turn-on by a trig- 
ger, as soon as light is emitted by the ablated material 
it is detected by a photodetector giving rise to a volt- 
age pulse Vdet- This signal is compared to a reference 
voltage, Kef, using a fast voltage comparator that out- 



puts a TTL pulse whenever Vdet > Kef- The comparator 
pulse is fed back to the FPGA which shuts down the laser 
emission. Thus, the overall effect is that when a certain 
amount of light has been received the ablation process 
is terminated, guaranteeing a minimal feature dimension 
but preventing the formation of an excessively large one. 
The laser shut off time is on the order of 40 ills and light 
is emitted even after the electronic shutdown signal has 
arrived. Thus the bandwidth of the feedback loop is on 
the order of 20 kHz. Figure [3] (b) illustrates how the 
process proceeds in time. 



C. Template Size Variation 

In order to estimate the average diameter of a fabri- 
cated feature, we automated the fabrication process and 
generated arrays with the same nominal exposure time 
(open loop operation) or the same nominal reference volt- 
age (closed loop operation) for each feature within one 
array. The diameter of each feature was extracted from 
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the image of the array recorded with an optical micro- 
scope. To automatically detect the center and diameter 
of each feature in an array we used third party software 
that is based on a Hough transform method. 

Figure [4] shows optical microscope images and ex- 
tracted template diameters for fabrication with (left) and 
without (right) feedback control. As is obvious in the 
images, there is a significantly larger variability during 
open loop operation. We have quantified this variability 
by measuring the RMS feature diameter size fluctuation, 

defined as AD RMS = \J ^ Yn= x (A - D) 2 , where D is 

the mean diameter. We obtain ADrms/D =50% for 
open loop operation (no feedback) and Drms/D =4% 
for closed loop operation (with feedback). This large 
difference, which is most pronounced for small features, 
highlights the advantage of the feedback controlled fab- 
rication. 
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FIG. 4: (Color online) (a) Optical microscope image of CO2 
laser fabricated micromirror substrates with (left) and with- 
out (right) feedback control, (b) Feature diameter for 38 
(30) features with (left) and without (right) feedback con- 
trol. When no feedback was used, the pulse energy was 270 
uJ and its electronic trigger duration was 83.3 \±s. The mis- 
alignment between rows in the images is due to non-optimized 
motor settings. The blue circles were obtained from a Hough 
transform circle recognition program. 



The feedback controlled microfabrication also works 
when the micromirror templates are fabricated at the tip 
of a silica fiber. In this case we collect the white light 
generated by the ablation process directly through the 
fiber (single mode or multimode). The feedback signal is 
obtained from a photodetector placed at the other fiber 
end that receives this white light. Although we have 
not performed a statistical analysis of the template size 
variation in this case we expect it to be identical to that 
obtained for planar fused silica substrates (Fig. [4|. 



D. Surface Microroughness 



An atomic force microscope (AFM) in tapping mode 
was employed to measure the cross-sectional profile of 
the micromirror substrates as well as their surface qual- 
ity (Fig. [5|. The height resolution of the instrument was 
determined to be ctrms ~0.2 nm by topographic mea- 
surements of commercial superpolished substrates with 
nominal microroughness of 0.1 nm. Whenever specified, 
the surface microroughness was extracted as the RMS de- 
viation from a parabolic fit to the height profile. Figure 
|5|a-c) shows the AFM image, cross-section and zoom-in 
cross-section of a fabricated feature on a planar fused sil- 
ica sample. The cross section corresponds to the dashed 
line in the image. We have probed a total of 10 features, 
all of which yielded a value ctrms ^$0.2 nm uncorrected 
for the AFM resolution. Thus their actual surface micro- 
roughness may be smaller than 0.2 nm and if the coating 
would preserve this value then we would expect scatter- 
ing losses of only about (^ttctrms / ~ 8(10) ~ 6 at A = 
900 nmP The finesse of a microcavity constructed with 
such mirrors would thus easily exceed 10 5 . 
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FIG. 5: (Color online) (a) AFM image (unflattened) of a C0 2 
laser fabricated micromirror substrate, (b) Cross-sectional 
profile extracted from image in (a). The depth, width, and 
radius of curvature (ROC) of the feature are respectively 0.3 
U-m, 20 u.m, and 90 \im. (c) Zoomed-in AFM scan over a 1 
U-m distance near the center of the feature in (a). 
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E. Ferruled Fiber Fabrication 

Fabrication of micromirror templates on bare fibers 
suffer from several drawbacks such as residual cleave an- 
gle, poor heat dissipation, and other imperfections in- 
herent to the laser fabrication process. These can be 
overcome when holding fibers in standard pre-radiused 
telecom ferrules and mechanically polishing them. This 
is useful when the goal is to make Fabry-Perot microcav- 
ities with very small spacing, i.e. very large free spec- 
tral range (> 50 nm). The refined process we have used 
is illustrated in Fig. [6] Mechanical polishing is accom- 
plished with 0.3 |Ltm lapping film until the desired amount 
of material has been removed. A second laser exposure 
is then applied to reflow the material after ultrasonically 
cleaning the substrate with methanol. A physical con- 
tact (PC) fiber polishing with a standard zirconia ferrule 
ensures minimal cavity length. We have performed AFM 
measurements at each step in the process and verified 
that the final surface quality is not degraded compared 
to the fabrication on unprocessed cleaved fibers or fused 
silica substrates. Ferruled fibers also make the final mi- 
cromirror s more durable, less fragile than bare fibers, and 
compatible with other standard telecom connectors and 
holders. 



F. Optical Testing 
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We have tested the fabricated micromirror templates 
by applying a reflective optical coating, either a low-cost 
metallic coating consisting of 20 nm of gold, or a high- 
quality reflective dielectric coating by ion beam sputter- 
ing with a nominal reflectivity of i?=99.995% at 940 nm. 
The gold coating is useful for an initial verification of var- 
ious parameters such as the template radius of curvature 
or for applications requiring only modest reflectivity, for 
example broadband filters. Micromirror s of the same di- 
mensions were assembled into a cavity with a mirror sep- 
aration controlled by a piezoelectric actuator [Fig. [7^ a)]. 
One micromirror was on a plane substrate; the other was 
at the tip of a single mode fiber. While the separation 
between the two was varied, a continuous- wave (cw) laser 
was launched into the fiber and its transmission through 
the cavity was measured with a photodetector. The cav- 
ity finesse, F — 7r/(l — R), was extracted as the ratio 
of the spatial separation between two contiguous longi- 
tudinal modes and their FWHM. For the gold coated 
mirror cavity the wavelength of the laser was A=850 nm 
and the cavity finesse was F=80, corresponding to a re- 
flectivity R ^96% [Fig. [jjb)]. In Fig. [jjc) the same 
measurement is shown but for the dielectrically coated 
micromirrors at A=940 nm. There the finesse is larger 
than F =58 000, thus R ^99.995%. Fig. [Ffd) shows a 
zoomed view of a fundamental transverse mode, which is 
actually split into two orthogonally-polarized resonances 
each with FWHM^8 pm. This splitting, commonly ob- 
served in high finesse microcavities is thought to originate 



FIG. 6: (Color online) Improved fabrication process on fer- 
ruled fibers, (a) The ideal cavity (left) differs from a real 
fabricated cavity (right) due to imperfections in fiber cleave 
and material redeposition during ablation, (b) A ferruled 
fiber that has been ablated is mechanically polished and re- 
exposed to a laser pulse of reduced energy to reflow the sur- 
face. The improved cavity enables a minimal mirror sepa- 
ration due to the PC polish. AFM images at each step of 
the procedure show the corresponding surface microroughness 
measurements. 

in slight asymmetries of the micromirrors and/or in a 
birefringence of the coatin^pl The finesse obtained com- 
pares well with that of state-of-the-art microcavities^^' 
and we expect that it may be further increased without 
loss of transmission thanks to the extremely small surface 
microroughness of less than 0.2 nm. 



G. Substrate Material 

We have fabricated micromirror templates on various 
materials including float glass, BK7 glass, fused silica, ce- 
ramic Y3AI5O12, and fluoride glass. Fabrication yielded 
good results only on fused silica and fluoride glass. For 
the other materials cracks typically formed and the sur- 
face quality was poor. Silica has excellent transmission 
properties up to A w 2 urn. Fluoride glass, also available 
in the form of fibers from e.g. iRphotonicsp^ has good 



6 




200 400 
Relative mirror seperation (nm) 



(d) 





FWHM ' 
I =8 pm 







(0 



Finesse = 58 000 



218.280 218.360 218.440 
Relative mirror seperation (nm) 



200 400 600 

Relative mirror seperation (nm) 



FIG. 7: (Color online) Optical characterization of microfabri- 
cated and subsequently coated micromirrors. (a) A microcav- 
ity was set up by one fiber micromirror and one micromirror 
on a fused silica chip, separated by a small air gap (« 10 urn). 
Their mutual separation was continuously varied by a piezo- 
electric actuator. A cw laser was introduced into the fiber 
and the light transmitted through the cavity was collected by 
a photodetector. (b) Transmission of a cavity at A=850 nm 
made of micromirrors coated with 20 nm of gold, (c) Trans- 
mission of a cavity at A=940 nm made of micromirrors coated 
with a high-reflectivity dielectric coating, (d) Zoom into one 
of the resonances of (c). Note that the dashed zoom box is 
not drawn to scale. 



transmission properties in the mid infrared region up to 
A « 5 |im. 



IV. CONCLUSION 



In summary, short individual CO2 laser pulses focused 
on a glass substrate create concave micromirror tem- 
plates of high quality in a repeatable manner using the 
improved process described here. We are able to fabri- 
cate micromirrors with RMS variability inferior to 5% 
and with a surface microroughness of less than 0.2 nm 
for most fabrication parameters. Further improvements 
of the size uniformity might be made by using a laser 
with a faster response so that the feedback control can 
be performed faster. Additional improvement might be 
obtained by integrating the intensity of the light received 
rather than by using a simple constant voltage threshold 
discrimination. Thus overall a highly precise fabrication 
method may be devised, possibly resulting in arrays of 
features with RMS size fluctuations inferior to 1%. 

Micromirrors that can be produced with the presently 
described optimized method may have uses for a wide 
variety of applications ranging from cavity quantumelec- 
trodynamics in quantum optics experiments, tunable 
filters in telecommunication applications or in swept 
source optical coherence tomography, and microlasers. 
Laser micromirror fabrication can be applied to materi- 
als which cannot be processed easily with conventional 
methods but have otherwise desirable optical properties 
such as high infrared transmission. Precisely repro- 
ducible laser microfabrication may also be of great value 
for creating large arrays of concave microlenses at a very 
low cost. 
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